US009431310B2

a2z United States Patent (10) Patent No.: US 9,431,310 B2
Kuboi et al. (45) Date of Patent: Aug. 30,2016
(54) SIMULATION METHOD, SIMULATION (56) References Cited
PROGRAM, PROCESS CONTROL SYSTEM,
SIMULATOR, PROCESS DESIGN METHOD, U.S. PATENT DOCUMENTS
AND MASK DESIGN METHOD 8,535,550 B2* 9/2013 Kuboi ....cccceeene.. GOGF 17/5009
) . 216/59
(71)  Applicant: Seny Corporation, Tokyo (JP) 2011/0082577 Al*  4/2011 Kuboi ..ooccocn... GOGF 17/5009
700/98
(72) Inventors: Nobuyuki Kuboi, Kanagawa (IP);
Takashi Kinoshita, Kanagawa (JP) FOREIGN PATENT DOCUMENTS
73) Assignee: Sony Corporation, Tokyo (JP Ip 2009-152269 A 7/2009
(73 & v P kyo (IP) Jp 2011-044656 A 3/2011
(*) Notice: Subject to any disclaimer, the term of this P 5050830 B2 8/2012
patent is extended or adjusted under 35 * cited by examiner
U.S.C. 154(b) by O days.
(21) Appl. No.: 14/522,065 Primary Examiner — Vuthe Siek
o ’ (74) Attorney, Agent, or Firm — Michael Best & Friedrich
(22) Filed: Oct. 23,2014 LLP
(65) Prior Publication Data (57) ABSTRACT
US 2015/0149970 Al May 28, 2015 A simulation method includes acquiring processing condi-
. s T tions for performing an etching process using plasma on a
(30) Foreign Application Priority Data surface of a wafer covered by a mask having a predetermined
Nov. 28,2013 (JP) 2013-245647 mask thickness and aperture ratio, calculating, based on the
TT T A conditions, a flux amount of a reaction product that enters the
(51) Int.CL surface, calculating, based on mask information including the
GOGF 17/50 (2006.01) thickness and the aperture ratio and the flux amount, an etch-
HOIL 21/66 (2006.01) ing rate of the wafer, calculating, based on the conditions and
HO1T 37/32 (2006.01) the etching rate, a dissociation fraction of the product, calcu-
HOLL 21/3065 (2006.01) lating, based on the information and the etching rate, a solid
(52) US.Cl angle at a predetermined evaluation point set on the surface,
CPC ) HOIL 22/20 (2013.01); HO1J 37/32926 the solid angle corresponding to a view area in which plasma
""" ( 5013 01Y; HOLJ 2237 /334 ’(2013 01); HOIL space can be seen from the evaluation point, and calculating,
2]/3.065,(2013 01); HOIL 22/]2' (20’13 o1) based on the etching rate, the dissociation fraction, the solid
(53) Field of Classification Se:arcil ’ angle, and the aperture ratio, a control index for evaluating a

CPC ..o HO1L 22/12; HOIL 21/3065
USPC ittt 716/54
See application file for complete search history.

41

/

: Recipe information
GUI processing

surface shape.

17 Claims, 21 Drawing Sheets

+GDS, Film thickness information

initial conditions 42
T Arithmetic engine /
H 423 424 -Etching rate
: ) / *Solid angle
Plasma state Sheath Aperture ratio Shape

acceleration
arithmetic unit

arithmetic unit

A 4

arithmetic unit arithmetic unit

¢ ’ A-Dissociation fraction -lon energy
i 422 {-Gas density -lon incident angle

*Flux

-Wafer aperture ratio /
-Semi-local aperture ratio 425 | 426
v

Control index

Time development

arithmetic unit

v

| Visualization of
43 GUli resuits




U.S. Patent

Aug. 30, 2016 Sheet 1 of 21 US 9,431,310 B2
1
)
Y
Processing  |-_10
part
| l
Controller ~—100
10 105
108 101 @_%
)y 03 L 102
, ) /
= |
P R 107
< = | RM
o
; i’““\\/W
}
( —e,




U.S. Patent

Aug. 30,2016 Sheet 2 of 21 US 9,431,310 B2

Input
unit

Arithmetic unit

Control index
arithmetic unit

12

L—] - 13

Output
unit

- 14

FIG.3



U.S. Patent Aug. 30, 2016 Sheet 3 of 21 US 9,431,310 B2

W1

¥ \
Y

RM1




U.S. Patent Aug. 30, 2016 Sheet 4 of 21 US 9,431,310 B2

Incident flux

< |
souaauIp
UOISJOAUOD $S8001d

FIG.5

CT\)
Actual recipe

\/f
Processing time period : t

Desired point
T cf/\

x
.t
-

/\f

-
----
-

Xnyj JuspoU|



U.S. Patent Aug. 30, 2016 Sheet 5 of 21 US 9,431,310 B2
Plasma fon
23 ~@ 20
A1
Si0,Br, Sio,
r SiBrx
o &
o O [ By, er2 4
o ,{
A6 MN ‘ A5
SiOB—grsr e, =7 SO 2@
* ®n > +-21
poly-Si 1-D - Dy D,




U.S. Patent Aug. 30, 2016 Sheet 6 of 21 US 9,431,310 B2
Recipe Film thickness Mask
conditions information information
<
Monitoring v
ro (t) Rg'*'RS
<
h 4 :
ER(t+1) Shape Sim
Q(t+1)
P o (t+1)x Q(t+1)
4
v
ACD(t)
A

Process conversion
difference

Incident flux

FIG.8




U.S. Patent Aug. 30, 2016 Sheet 7 of 21 US 9,431,310 B2
31 33 32
Recipe Film thickness Mask
conditions information information
l <
v
—> T () [S201 Re+Rs |-S204
— 1-D *
32203 > ER(t) 5202
1N Q. (t+1) ~S205
\ 4 '# v
»  (1-D)XER X (Rg+Rg)€2.  ~S206
VAN
NI

ACD(t+1), dr(t+1)

FIG.9



US 9,431,310 B2

Sheet 8 of 21

Aug. 30, 2016

U.S. Patent

URIE

15 (54+9Y) x W3 x (g-1)
R

0]

(@)

0]

&

of wv | p
<« ; >
ozmuoud | P8Zauoud

% wm m%mE.mD S| 90UBIBYID &

UOISIBALOD

soualalIp
LIOISI8ALOD SS820.1d

} : poliad swn Buisseoold

juiod paiiseQ

e
*
-
P
e
e

e
‘‘‘‘‘
v
-

adpai |enjoy

s
*a
N
*.
*,
*x

15 (59+94) x y3 x{(Q-1)



U.S. Patent Aug. 30, 2016 Sheet 9 of 21 US 9,431,310 B2

um
o)
o O o
Q&H
Solid angle
Local

o] [ 1
\\ /
N\
//
OU/ B
& g |E S
& ©
2 o
[
s o || 2
Qo

Re



US 9,431,310 B2

Sheet 10 of 21

Aug. 30, 2016

U.S. Patent

¢l 9Ol

[B00T-IWBS

\

1oNposd uonoesy



US 9,431,310 B2

Sheet 11 of 21

Aug. 30, 2016

U.S. Patent

Wu By~ WU GH-

wu gg- wug/-

35 [B207]

-adv

-adsyv

¢€l'old

%Y 18qo|9



U.S. Patent

Aug. 30,2016 Sheet 12 of 21 US 9,431,310 B2

Energy attenuation

lon
Sn(Ei) % (dsirro*dsio,)
.V
ds;i
gm0 4,
f dR

Si substrate

FIG.14



US 9,431,310 B2

Sheet 13 of 21

Aug. 30, 2016

U.S. Patent

10

(1-D) X ER X (Re+Rs) Q.

FIG.15



US 9,431,310 B2

Sheet 14 of 21

Aug. 30, 2016

U.S. Patent

synsal N9
JO UOHBZIBNSIA

Hun inding

ﬂ

jun dljswijue
Xapui [0Uo)D

juswdojanap st

T

(
x

ofjes ainpade JojepA -

jun opswyjue

Hun oijstuyiue

Xnj4-
ajbue JuapIdul U0}

Auisusp sen-| zzv

ABieua uoj. uoloRYy UOKEIO0SSIO-] )

jun onswiyje

1

! uonelsjeaoe
adeysg oniel ainyady y1esys
sjbue pijog - [ (
ajel Buiyoig. (A% A4

ozy | Szp ones ainyade [2o0|HWSS -

auibus onawiyiY

UoneuLIOjUl SSBUMOIY] W4 ‘SAD -
uonewoul 8divay -

jun onswiyje
9)E]S BWISE|d

%

Hun induy

R S—

SuUORIPUOD feniul
Buissaoold INoD

o U U UV U e

7
27



US 9,431,310 B2

Sheet 15 of 21

Aug. 30, 2016

U.S. Patent

AN

96 ~| 9 ged
89—~ g qed
S~ v qed
€6~ € qed
¢S~ z qed

NIOMioN

-
e
w0

Jagquweyo
Buisseooid

|
g Hun
§b5 Ry JOJJUOD) | A%
W |/
UOIJ09.I00 SS8001d M o » 1elloAteg
205 sl L gg
( vig~l 3| ! /
\ , m _
WBISAS UO01308.1I00 _ ) _ Bunioyuopy
L=
Xopul se M S| | 1 ,
135 (54+24) x W x (a-1) g | | [ Pdioed sseooid
Buisn abeuwiep pue adeys ) M = | f g]ep )
Ui uoljeLieA o uonoipald | m | SSaUMOIYL Wil |
w | s 3
wsysAs g pnojn - R — elep Sao
om 10S A Lged 7
(
005 &




U.S. Patent Aug. 30,2016 Sheet 16 of 21 US 9,431,310 B2

( Start etching )

Calculate control
index by server 50

Is difference
between control index YES
and reference index not
less than 10%7?
NO
Process correction
NO Within
¢ apparatus set range
v ?

YES

Stop apparatus by
placing FDC/EES
flag signal

Continue etching

Does it reach
set time?

( End etching )
FIG.18




US 9,431,310 B2

Sheet 17 of 21

Aug. 30, 2016

U.S. Patent

619ld

99| 9 qed
99—~ g ged
Y9~ yqed
€9~ € qed
¢9—~— z qed

A

\ 4

A

15(54+9Y) x U3 x (Q-1)

Zi9
UO1109LI0D SS8001d /
p| I9]05U0D
€19
209 ) F\E
\ €09 Buuojuo
wajsAs uonosuon .
x S3
L ‘ \ 28
eseqelepuo |3 |« adioas $$990id =3
psseq Ajjigewen | £ e R3
o
jotooIpeld 15 |« | ssouxoIL} Wil |
waysAs uonaipald sjdung |- Bjep sdo
A (
0o 99 Lqe4 ;
| ‘ 19
( !
/9 Homen (
009




U.S. Patent Aug. 30,2016 Sheet 18 of 21 US 9,431,310 B2

( Start etching >

Calculate index by
information processing
apparatus 60

Is difference
between control index
and reference index not
less than 10%7?

YES

v

Correction system

v

Process correction

Record index

L NO

Continue etching

apparatus? set range

Stop apparatus by
placing FDC/EES
flag signal

Does it reach
set time?

YES

( End etching )
v

Mutually exchange
index data

v

Correct to
optimal recipe

FIG.20



U.S. Patent Aug. 30,2016 Sheet 19 of 21 US 9,431,310 B2
(Start ca|cu!ation>
__ | Time allocation
S301 for each step
S302 Processing in Step 1
b S306
S303 1 Processing in Step 2
¢ HBr decreases and
Calculation by O; increases with
S304 1 ., ‘ : respect to Step 1
arithmetic engine 42 in gas flow rate
S305

is difference
between control index

less than 10%7?

(End calculation)

and reference index not

YES

FIG.21



U.S. Patent

Aug. 30, 2016

( Start ca!cuiation>

Sheet 20 of 21

Input initial conditions

v

Calculation by
arithmetic engine

Is difference
between control index
and reference index not
less than 10%7

( End caiculation)

US 9,431,310 B2

Change mask shape

YES

FIG.22

(Start ca!cuiation>

Input initial conditions

v

Calculation by
arithmetic engine

Is difference
between conirol index
and reference index not
less than 10%?

C End caiculation)

Arrange

dummy pattern

YES

FIG.23



US 9,431,310 B2

Sheet 21 of 21

Aug. 30, 2016

U.S. Patent

FIG.24



US 9,431,310 B2

1
SIMULATION METHOD, SIMULATION
PROGRAM, PROCESS CONTROL SYSTEM,
SIMULATOR, PROCESS DESIGN METHOD,
AND MASK DESIGN METHOD

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of Japanese Priority
Patent Application JP 2013-245647 filed Nov. 28, 2013, the
entire contents of which are incorporated herein by reference.

BACKGROUND

The present disclosure relates to a simulation method and a
simulation program for predicting the process state of a work-
piece, and a process control system, a simulator, a process
design method, and a mask design method that use the simu-
lation method.

Techniques for simulating the shape of the surface of a
wafer, which is changed due to etching or deposition, have
beenknown. Forexample, in Japanese Patent No. 5050830, in
relation to prediction and control of the variability in the
process conversion difference in plasma etching of a semi-
conductor, a simulation method taking into account the
effects of a wafer aperture ratio and effective solid angle of a
local pattern on the plasma etching is disclosed. By taking
into account the effects of these parameters, it is possible to
three-dimensionally consider the effect on the shape of a
mask pattern in a two-dimensional simulator.

Moreover, in Japanese Patent Application Laid-open No.
2011-044656, a method of simulating the process shape using
information obtained by multiplying the flux (I') of a reaction
product, which enters a pattern in processing, by the solid
angle (€2) of the pattern, and mask information (aperture ratio
and film thickness) as input parameters is described. Accord-
ing to the method, it is possible to optimize the recipe condi-
tions such as a gas flow rate and pressure in real time using
I"*Q as a control index.

SUMMARY

Inrecent years, the necessity of producing a device reliably
in a plurality of processing apparatuses is increased, and the
technique that can control the plurality of processing appara-
tuses with a common control index is requested.

However, the configuration described in Japanese Patent
No. 5050830 and Japanese Patent Application Laid-open No.
2011-044656 performs control using unique information for
each processing apparatus, which causes a problem of the
control range in which only the apparatus of the unique infor-
mation is controlled. For example, because an incident flux is
based on a monitoring value in a plasma state, it needs a
calibration curve for each apparatus to compare the process
properties between the apparatuses, which is impractical.

In view of the circumstances as described above, it is
desirable to provide a simulation method and a simulation
program that can control a plurality of processing apparatuses
with a common control index, and a process control system,
a simulator, a process design method, and a mask design
method that use the simulation method.

According to an embodiment of the present disclosure,
there is provided a simulation method including acquiring
processing conditions for performing an etching process
using plasma on a surface of a wafer covered by a mask
having a predetermined mask thickness and aperture ratio.
Based on the processing conditions, a flux amount of a reac-
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tion product that enters the surface of the wafer is calculated.
Based on mask information including the mask thickness and
the aperture ratio and the flux amount, an etching rate of the
wafer is calculated. Based on the processing conditions and
the etching rate, a dissociation fraction of the reaction product
is calculated. Based on the mask information and the etching
rate, a solid angle at a predetermined evaluation point set on
the surface of the wafer, the solid angle corresponding to a
view area in which plasma space can be seen from the evalu-
ation point is calculated. Based on the etching rate, the dis-
sociation fraction, the solid angle, and the aperture ratio, a
control index for evaluating a shape of the surface of the wafer
is calculated.

According to an embodiment of the present disclosure,
there is provided a simulation program that causes an infor-
mation processing apparatus to execute calculation including
the steps of calculating, based on processing conditions for
performing an etching process using plasma on a surface of a
wafer covered by a mask having a predetermined mask thick-
ness and aperture ratio, a flux amount of a reaction product
that enters the surface of the wafer, calculating, based on
mask information including the mask thickness and the aper-
ture ratio and the flux amount, an etching rate of the wafer,
calculating, based on the processing conditions and the etch-
ing rate, a dissociation fraction of the reaction product, cal-
culating, based on the mask information and the etching rate,
a solid angle at a predetermined evaluation point set on the
surface of the wafer, the solid angle corresponding to a view
area in which plasma space can be seen from the evaluation
point, and calculating, based on the etching rate, the disso-
ciation fraction, the solid angle, and the aperture ratio, a
control index for evaluating a shape of the surface of the
wafer.

According to an embodiment of the present disclosure,
there is provided a process control system including a plural-
ity of etching apparatuses and controllers. The controllers are
provided to the plurality of etching apparatuses, each of the
plurality of controllers including a communication unit and a
controller, the communication unit being capable of commu-
nicating with a server, the controller being capable of trans-
mitting processing conditions for performing an etching pro-
cess using plasma on a surface of a wafer covered by a mask
having a predetermined mask thickness and aperture ratio and
mask information including the mask thickness and the aper-
ture ratio, and controlling the communication unit to receive,
from the server, a control index for evaluating a shape of the
surface of the wafer, which is generated using a flux amount
of a reaction product that enters the surface of the wafer,
which is calculated based on the processing conditions, an
etching rate of the wafer, which is calculated based on the
mask information and the flux amount, a dissociation fraction
of the reaction product, which is calculated based on the
processing conditions and the etching rate, a solid angle at a
predetermined evaluation point set on the surface of the
wafer, the solid angle corresponding to a view area in which
plasma space can be seen from the evaluation point, the solid
angle being calculated based on the mask information and the
etching rate, and the aperture ratio.

According to an embodiment of the present disclosure,
there is provided a process control system including a first
processing apparatus configured to perform an etching pro-
cess using plasma on a surface of a wafer, and an information
processing apparatus configured to predict shape develop-
ment of the wafer, which is caused due to the etching process.
The information processing apparatus includes an input unit
and an arithmetic unit. The input unit is configured to acquire
processing conditions for performing the etching process
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using plasma on a surface of a wafer covered by a mask
having a predetermined mask thickness and aperture ratio.
The arithmetic unit is configured to calculate, based on the
processing conditions, a flux amount of a reaction product
that enters the surface of the wafer, to calculate, based on
mask information including the mask thickness and the aper-
ture ratio and the flux amount, an etching rate of the wafer, to
calculate, based on the processing conditions and the etching
rate, a dissociation fraction of the reaction product, to calcu-
late, based on the mask information and the etching rate, a
solid angle at a predetermined evaluation point set on the
surface of the wafer, the solid angle corresponding to a view
area in which plasma space can be seen from the evaluation
point, and to calculate, based on the etching rate, the disso-
ciation fraction, the solid angle, and the aperture ratio, a
control index for evaluating a shape of the surface of the
wafer.

According to an embodiment of the present disclosure,
there is provided a simulator including an input unit and an
arithmetic unit. The input unit is configured to acquire pro-
cessing conditions for performing the etching process using
plasma on a surface of a wafer covered by a mask having a
predetermined mask thickness and aperture ratio. The arith-
metic unit is configured to calculate, based on the processing
conditions, a flux amount of a reaction product that enters the
surface of the wafer, to calculate, based on mask information
including the mask thickness and the aperture ratio and the
flux amount, an etching rate of the wafer, to calculate, based
on the processing conditions and the etching rate, a dissocia-
tion fraction of the reaction product, to calculate, based on the
mask information and the etching rate, a solid angle at a
predetermined evaluation point set on the surface of the
wafer, the solid angle corresponding to a view area in which
plasma space can be seen from the evaluation point, and to
calculate, based on the etching rate, the dissociation fraction,
the solid angle, and the aperture ratio, a control index for
evaluating a shape of the surface of the wafer.

According to an embodiment of the present disclosure,
there is provided a process design method including acquir-
ing processing conditions for performing an etching process
using plasma on a surface of a wafer covered by a mask
having a predetermined mask thickness and aperture ratio.
Based on the processing conditions, a flux amount of a reac-
tion product that enters the surface of the wafer is calculated.
Based on mask information including the mask thickness and
the aperture ratio and the flux amount, an etching rate of the
wafer is calculated. Based on the processing conditions and
the etching rate, a dissociation fraction of the reaction product
is calculated. Based on the mask information and the etching
rate, a solid angle a predetermined evaluation point set on the
surface of the wafer, the solid angle corresponding to a view
area in which plasma space can be seen from the evaluation
point is calculated. Based on the etching rate, the dissociation
fraction, the solid angle, and the aperture ratio, a control index
for evaluating a shape of the surface of the wafer is calculated.
The processing conditions are changed so that the control
index is within a predetermined range.

According to an embodiment of the present disclosure,
there is provided a mask design method including acquiring
processing conditions for performing an etching process
using plasma on a surface of a wafer covered by a mask
having a predetermined mask thickness and aperture ratio.
Based on the processing conditions, a flux amount of a reac-
tion product that enters the surface of the wafer is calculated.
Based on mask information including the mask thickness and
the aperture ratio and the flux amount, an etching rate of the
wafer is calculated. Based on the processing conditions and
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the etching rate, a dissociation fraction of the reaction product
is calculated. Based on the mask information and the etching
rate, a solid angle at a predetermined evaluation point set on
the surface of the wafer, the solid angle corresponding to a
view area in which plasma space can be seen from the evalu-
ation point is calculated. Based on the etching rate, the dis-
sociation fraction, the solid angle, and the aperture ratio, a
control index for evaluating a shape of the surface of the wafer
is calculated. Design of the mask is changed so that the
control index is within a predetermined range.

As described above, according to the present disclosure, it
is possible to control a plurality of processing apparatuses
with a common control index. It should be noted that the
effects described above are not necessarily restrictive, and
may be any of those described in the present disclosure.

These and other objects, features and advantages of the
present disclosure will become more apparent in light of the
following detailed description of best mode embodiments
thereof, as illustrated in the accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic configuration diagram showing a
processing apparatus according to a first embodiment of the
present disclosure;

FIG. 2 is a schematic configuration diagram showing a
processing part of the processing apparatus;

FIG. 3 is a schematic configuration diagram showing a
controller in the processing apparatus;

FIG. 4 is a cross-sectional view of a pattern for explaining
a process conversion difference;

FIG. 5 is a diagram for explaining an example of control-
ling etching conditions with the controller;

FIG. 6 is a diagram showing the overview of a reaction
model in the vicinity of the interface between a polysilicon
film and gas (plasma) around it;

FIG. 7 is a flowchart showing the calculation procedure in
a simulation method according to a reference technique;

FIG. 8 is a diagram for explaining problems in the refer-
ence technique;

FIG. 9 is a flowchart showing the calculation procedure in
a simulation method according to an embodiment of the
present disclosure;

FIG. 10 is a diagram for explaining an example of control-
ling etching conditions that can be achieved by the simulation
method;

FIG. 11 is a model diagram showing a flux of a reaction
product, which enters the pattern of the surface of a wafer;

FIG. 12 is a model diagram showing a flux of a reaction
product, which enters the pattern of the surface of a wafer;

FIG. 13 is a diagram showing the calculation results
obtained by the simulation method and the pattern shape
processed actually with comparison to each other;

FIG. 14 is a schematic diagram for explaining damage on a
wafer during processing;

FIG. 15 is a diagram showing the results obtained by cal-
culating the control index dependence of the damage (top
view) and the TEM image of the actual damage (bottom
view);

FIG. 16 is a functional block diagram for explaining the
simulation software to which a simulation method according
to this embodiment is applied;

FIG. 17 is a schematic configuration diagram of a process
control system according to a second embodiment of the
present disclosure;

FIG. 18 is a flowchart showing the simulation executed in
the process control system;
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FIG. 19 is a schematic configuration diagram of a process
control system according to a third embodiment of the present
disclosure;

FIG. 20 is a flowchart showing the simulation executed in
the process control system;

FIG. 21 is a flowchart showing a design method according
to a fourth embodiment of the present disclosure;

FIG. 22 is a flowchart showing an example of a design
method according to a fifth method of the present disclosure;

FIG. 23 is a flowchart showing another example of the
design method according to the fifth embodiment of the
present disclosure; and

FIG. 24 is a schematic diagram showing an example of
arranging a dummy pattern.

DETAILED DESCRIPTION OF EMBODIMENTS

Hereinafter, embodiments of the present disclosure will be
described with reference to the drawings.
(First Embodiment)

FIG. 1 is a schematic configuration diagram showing a
processing apparatus according to a first embodiment of the
present disclosure.

(Schematic Configuration of Processing Apparatus)

A processing apparatus 1 includes a processing part 10 and
a controller 100. The processing part 10 performs a predeter-
mined processing process on a workpiece. The controller 100
controls the predetermined processing process.

In this embodiment, the processing part 10 is configured of
adry etching device (plasma etching device). Specifically, the
processing part 10 is configured of a dray etching device used
for producing an electronic device such as a semiconductor
device.

The controller 100 is configured to monitor the processing
process in the processing part 10 and optimize the process
conditions so that the process accuracy is within acceptable
spec. In addition, the controller 100 is configured of a simu-
lator that is configured to predict the processing shape of a
workpiece based on processing conditions (gas flow rate,
pressure, power, wafer temperature, etc.) executed in the pro-
cessing part 10, and to correct the processing conditions
based on the prediction results.

Hereinafter, the details of the processing part 10 and the
controller 100 will be described.

(Processing Part)

FIG. 2 is a schematic configuration diagram showing the
processing part 10. The processing part 10 includes an etch-
ing device 101 and a monitoring device 108. Here, the etching
device 101 is described as a capacitively coupled plasma
(CCP) etching device. However, other than the CCP etching
device, an inductively coupled plasma (ICP) etching device,
an electron cyclotron resonance (ECR) etching device, or the
like, can be applied to the etching device 101.

The etching device 101 includes a chamber 102, an upper
electrode 103, and a lower electrode 104. The upper electrode
103 and the lower electrode 104 are arranged in the chamber
102 to face each other. The lower electrode 104 has also a
function as a stage that supports a wafer (workpiece) W, and
includes a temperature adjusting unit that can adjust the wafer
temperature. To the upper electrode 103 and the lower elec-
trode 104, high radio-frequency power supplies 105 and 106
are connected, respectively.

The etching device 101 is configured so that the chamber
102 is evacuated to a predetermined reduced pressure atmo-
sphere via a vacuum pump (not shown) and a predetermined
process gas (etching gas, inert gas, or the like) can be con-
ducted to the chamber 102 via a gas conducting line (not
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shown). The etching apparatus 101 applies electric power
from the high radio-frequency power supplies 105 and 106 to
the upper electrode 103 and the lower electrode 104, thereby
forming a plasma 107 between the upper electrode 103 and
the lower electrode 104 to etch the surface of the wafer W.

On the surface of the wafer W, a mask for processing RM
(e.g., aresist mask) is provided. The mask RM has an opening
pattern in a predetermined shape, which defines the etching
area. The surface area of the wafer W, which is exposed from
the opening pattern, is etched, thereby forming the etching
pattern on the surface of the wafer W.

The monitoring device 108 is connected to the etching
device 101 and includes a plurality of detectors that detect
various types of physical amounts from the plasma 107. Spe-
cifically, the monitoring device 108 includes various types of
measurement devices that can measure the plasma state or
device state, such as an optical emission spectrometer (OES),
an equipment engineering system (EES), a quadrupole mass
spectrometer (QMS), and an infrared-diode laser absorption
spectroscopy (IRLAS).

(Controller)

FIG. 3 is a schematic configuration diagram showing the
controller 100. The controller 100 is typically configured of a
computer (information processing apparatus). Moreover, in
this embodiment, the controller 100 is configured of a simu-
lator.

The controller 100 includes an input unit 11, an arithmetic
unit 12, and an output unit 14. The input unit 11 is configured
to acquire processing conditions for performing a predeter-
mined processing process on a workpiece and detection data
obtained from the monitoring device 108, and to input them to
the arithmetic unit 12. The input unit 12 includes a control
index arithmetic unit 13. The control index arithmetic unit 13
calculates a control index for evaluating the shape develop-
ment, damage, or the like of a workpiece by a simulation
method to be described later based on the processing condi-
tions input via the input unit 11.

The arithmetic unit 12 may be configured of hardware to
achieve the calculation process to be described later, and may
perform the calculation process using a predetermined simu-
lation program (software). In this case, the control index
arithmetic unit 13 is configured of an arithmetic device such
as a central processing unit (CPU), loads a simulation pro-
gram from the outside, and executes the program, thereby
performing the calculation.

The simulation program can be stored in, for example, a
database (not shown) or a storage unit such as a read only
memory (ROM) separately provided. At this time, the simu-
lation program may be mounted in advance on a database, a
storage unit separately provided, or the like, or may be
mounted from the outside on a database, a storage unit sepa-
rately provided, or the like. In the case where the simulation
program is acquired from the outside, the simulation program
may be distributed from a medium such as an optical disc and
a semiconductor memory, or may be downloaded through a
transmission means such as the Internet.

The output unit 14 is configured to output the simulation
results of a predetermined processing process calculated by
the arithmetic unit 12. The output unit 14 may output infor-
mation such as processing process conditions and parameters
used for the calculation together with the simulation results of
the processing process. The output unit 14 is configured of a
device such as a display device that displays simulation
results, for example, a printing device that prints and outputs
simulation results, and a recording device that records simu-
lation results, or appropriate combination of these devices. In
this embodiment, an example in which the controller 100
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includes the output unit 14 is described. However, the
present disclosure is not limited thereto, and the output unit
14 may be provided on the outside of the controller 100.

The controller 100 may further include a database unit
that stores various parameters necessary for the calculation
process performed in the arithmetic unit 12. Moreover, such
a database unit may be provided on the outside of the
controller 100. In the case where various parameters neces-
sary for the calculation process are input from the outside at
needed, the database unit does not have to be provided.

The controller 100 controls the etching conditions on the
processing part 10 so that the etching pattern formed on the
surface of the wafer W being a workpiece has a predeter-
mined shape. Typically, the controller 100 controls the
etching conditions so that the process conversion difference
(ACD) of the etching pattern formed on the surface of the
wafer W is uniform.

As shown in FIG. 4, the process conversion difference is
a difference between a pattern width W1 of a mask pattern
RM1 before the wafer W is etched and a width W2 of an
etching pattern P1 of a wafer W, which is formed by the
etching using the mask pattern RM1 as a mask.

Here, a processing method in which an etching process is
progressed while generating a reaction product that protect
a substrate W from etching depending on the etching con-
ditions has been known. With the method, the etching
pattern P1 can be protected from side etching and an etching
pattern having a high aspect ratio can be formed by etching
the substrate W while depositing the reaction product on side
walls of the etching pattern P1. On the other hand, if the
reaction product is thickly deposited on the side walls of the
etching pattern P1, the side walls of the etching pattern P1
have a tapered shape, which increases the process conver-
sion difference excessively.

In view of the above, the controller 100 controls the
amount of deposition of the reaction product on the etching
pattern P1 by correcting the etching conditions to maintain
the process conversion difference (ACD) within a certain
range.

FIG. 5 is a diagram for explaining a typical example of
controlling etching conditions with the controller. In this
example, an example of controlling the etching conditions
for maintaining the process conversion difference to be
uniform is described.

As described above, as the amount of incident flux of the
reaction product on the etching pattern, which functions as
an etching protection film, increases, the process conversion
difference increases. On the other hand, if the actual recipe
being actual etching conditions is fixed, the amount of
incident flux also changes randomly depending on the
processing time period with the variation of the plasma state.
In this regard, the controller 100 maintains the process
conversion difference within a certain range by correcting
the actual recipe to a desired point at an appropriate time
interval so that the amount of incident flux is uniform
without depending on the processing time period.

In order to achieve the control, the controller 100 executes
the shape development simulation for evaluating the process
conversion difference of an etching pattern. In this embodi-
ment, the relational expression between the amount of
various particles that enter the workpiece from the surround-
ing gas (outside) and the amount of various particles emitted
from the workpiece on the surface of a workpiece (processed
surface) is calculated with a flux method. At this time, a
reaction model between the workpiece and gas is set.
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(Reaction Model of Workpiece)

Hereinafter, an example of a reaction model when a
polysilicon film (poly-Si) formed on a wafer is dry-etched
by gas containing halogen (HBr)-based gas and oxygen (O)
will be described.

FIG. 6 is a diagram showing the overview of a reaction
model in the vicinity of the interface between a polysilicon
film and gas (plasma) around it. If a polysilicon film 21 is
dry-etched in an atmosphere of a plasma 20 of HBr-based
gas, an etching reaction layer 21a (hereinafter, referred to as
simply “reaction layer 21a¢”) is formed in the vicinity of the
surface of the polysilicon film 21.

If a particle 23 enters the polysilicon film 21 from the
plasma 20 (gas) (shown by an arrow A1), bonding between
silicon atoms (Si—Si) is broken in the reaction layer 21a.
One silicon atom whose bonding is broken in the reaction
layer 21a reacts (bonds) with bromine (Br and Br,) in the
HBr-based gas (shown by an arrow A2), which enters from
the plasma 20, to form SiBrx (x represents a positive
number). Then, the generated SiBrx is emitted from the
polysilicon film 21 to the outside (shown by an arrow A3).
The reaction area ratio at this time is represented by ¢n
(O=¢n=l).

On the other hand, another silicon atom whose bonding is
broken in the reaction layer 21a reacts with oxygen (shown
by an arrow A4) that enters from the plasma to form SiOy
(v represents a positive number). Then, the generated SiOy
is emitted from the polysilicon film 21 to the outside (shown
by an arrow A5). The reaction area ratio at this time is
represented by ¢o (O=po=1).

Furthermore, the SiBrx emitted from the polysilicon film
21 enters the polysilicon film 21 again (shown by an arrow
AG6), and reacts with oxygen (O and O,) existed on the
surface of the polysilicon film 21. SiOuBrv (u and v repre-
sent positive numbers) being the resultant reaction product
is deposited on the polysilicon film 21. Then, SiOuBrv
formed from the deposition product on which the particle 23
is incident from the plasma 20 is emitted from the polysili-
con film 21 to the outside (shown by an arrow A7). The
reaction area ratio at this time is represented by ¢p (O=¢p=1).

As described above, the ratio of the area in which the
above-mentioned reactions are not caused in the polysilicon
film 21 is represented by 1-¢n-¢po—¢p. Here, the particle 23
and bromine (radical) that enter the polysilicon film 21 from
the plasma 20 etch mainly the polysilicon film 21, and SiBrx
(or SiOuBrv) being a reaction product of bromine and
silicon forms a protection film that protects the polysilicon
film 21 from etching.

In this embodiment, the relationship between the amount
of incident particles in the reactions and the amount of
emitted (product) particles (hereinafter, collectively referred
to as the flux amount of reaction particles) is solved by a flux
method, and the shape development or damage of the
etching pattern on a wafer is predicted and evaluated.
(Reference Technique)

FIG. 7 is a flowchart showing the calculation procedure in
a simulation method according to a reference technique.
Hereinafter, a description will be made schematically.

In the simulation method according to the reference
technique, the incident flux amount (I') of a reaction product
on the etching pattern, which functions as an etching pro-
tection film, an etching rate (ER), the aperture ratio (R and
R,) of the mask RM, and the solid angle (£2;) at an incident
point of the reaction product flux are used as indexes.

Here, the “recipe conditions,” the “film thickness infor-
mation,” and the “mask information” correspond to the
etching conditions on the processing part 10 (processing
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conditions), the processed film (polysilicon film 21 in the
example of FIG. 5), and information on the thickness and
aperture ratio of the mask RM, respectively. Moreover, R
represents the wafer aperture ratio and R represents the
semi-local aperture ratio (aperture ratio in a chip) (details of
R and R will be described later).

In the simulation method according to the reference
technique, the etching rate (ER) is calculated from the
incident flux amount (I',). Moreover, based on the calculated
etching rate (ER) and the aperture ratio (R; and R) of the
mask RM obtained from the mask information, the solid
angle (€2;) at an incident point of a flux is calculated. Then,
the product of the incident flux amount (I',) and the calcu-
lated solid angle (£2;) is used as a control index to evaluate
the process conversion difference (ACD). It should be noted
that signs (t) and (t+1) assigned to I, ER, ©,, and ACD
represent steps of calculation time.

In recent years, the necessity of producing a device
reliably in a plurality of processing apparatuses is increased,
and the technique that can control the plurality of processing
apparatuses with a common control index is requested.
However, the simulation method according to the reference
technique performs control using unique information for
each processing apparatus, which causes a problem of the
control range in which only the apparatus of the unique
information is controlled.

For example, because the incident flux amount (I'y) of the
reaction product is acquired based on a monitoring value in
a plasma state, the measured value changes for each pro-
cessing apparatus. Therefore, as schematically shown in
FIG. 8, because the incident flux amounts that can achieve
a predetermined process conversion difference are different
in processing apparatuses A, B, and C, it may be impossible
to control the plurality of processing apparatuses with a
common control index.

On the other hand, the miniaturization and diversification
of devices have proceeded in recent years, and therefore, the
technique that can reduce not only the process conversion
difference but also the damage (e.g., crystal defect) on a
wafer caused during processing is requested. However, the
simulation method according to the reference technique
makes matching of the process conversion difference a top
priority, which causes a problem of low control flexibility.

In view of the above, in this embodiment, the controller
100 is configured to achieve a predetermined process con-
version difference by executing a simulation method using a
control index that is not derived from a processing appara-
tus. In addition, the controller 100 is configured to be
capable of controlling not only the process conversion
difference but also the damage caused during processing
with the simulation method.

(Simulation Method)

Hereinafter, the simulation method according to this
embodiment will be described.
(Control Method)

FIG. 9 is a flowchart showing the calculation procedure
for executing the simulation method according to this
embodiment.

In this embodiment, an index including at least the
incident flux amount (I'), the etching rate (ER), the disso-
ciation fraction (D), the solid angle (Q;), and the mask
aperture ratio (R and Ry), i.e., (1-D)*ER*(R5+R)Q2;, is
used as a control index. Accordingly, as will be described
later in detail, the process conversion difference (ACD) and
the damage (dy) of the wafer W during processing (which
represents damage depth or damage thickness) can be used
in the same index to perform control.
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Here, I', ER, D, Q;, R, and R represent the incident flux
amount of a reaction product on an etching pattern, which
functions as an etching protection film, the etching rate, the
dissociation fraction of the reaction product, the three-
dimensional viewing angle obtained by viewing a pattern
opening from the surface of a workpiece, the wafer aperture
ratio, and the semi-local aperture ratio, respectively. Details
thereof will be described later. It should be noted that signs
(t) and (t+1) assigned to I, ER, ©;, ACD, and d, represent
steps of calculation time.

FIG. 10 is a diagram for explaining a method of control-
ling the processing part 10 by the controller 100.

According to this embodiment, as the control index ((1-
D)*ER*(R 4+R)€2;) increases, the process conversion dif-
ference (ACD) increases as shown in right part of FIG. 10
and the damage (d) decreases. Therefore, in the case where
the process conversion difference (ACD) and the damage
(dg) are prioritized, an intersection point CP of curves is
used as a control index that optimizes the process conversion
difference (ACD) and the damage (dy).

In this case, as shown in right part of FIG. 10, the actual
recipe conditions (etching conditions) are automatically
corrected so that the control index that changes with time
traces the reference index (desired point). Examples of the
actual recipe conditions to be corrected include process
conditions that change the dissociation fraction (D) and the
etching rate (ER) such as gas pressure, gas flow rate, bias
(high-frequency power applied to the upper electrode 103 or
the lower electrode 104), and wafer temperature.

On the other hand, in the case where the process conver-
sion difference (ACD) is emphasized, it only needs to set the
control index to be small. On the contrary, in the case where
low damage is emphasized, it needs to set the control index
to be large. The correction of the process conditions can be
performed at a certain time step, e.g., second order. More-
over, control such that the process conversion difference
(ACD) is prioritized in the early part of the processing
process, and the damage (dy) is prioritized in the latter part
of the processing process may be performed, for example.
(Derivation of Control Index)

In this embodiment, as described above, (1-D)*ER*(R s+
R, is used as a control index of the process conversion
difference (ACD) and the damage (dy). However, the deri-
vation will be described with an example of an Si gate
process using HBr/O, gas. FIG. 11 and FIG. 12 are each a
model diagram showing a flux of a reaction product that
enters the pattern of the surface of a wafer.

First, as a model of a flux of a reaction product that affects
the process conversion difference, three elements of the
wafer aperture ratio (Global), semi-local aperture ratio
(Semi-Local), and the solid angle (Local) are considered.
The levels of the three elements are a wafer level (cm order),
a chip level (mm order), and a pattern level (um). At this
time, in the case where it is agitated by plasma during
processing and a part of it enters a pattern again without
disassociating, the incident flux of a reaction product (here,
e.g., SiBr) on the processing surface can be expressed by the
following formulae (1) and (2).

I'6=RexERxpg;x(1-Dg)x(21/2) (6]

[s=RexERxps;x(1-Ds)x(£2,/2) ()]

Here, I'; and T'g represent the incident flux amounts to
which the wafer aperture ratio and the semi-local aperture
ratio contributes, respectively. ps, represents the number
density of Si. D and Dy represent the dissociation fractions
of the reaction product in plasma, which is attributed to the
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wafer aperture ratio and the semi-local aperture ratio,
respectively. If D and D, are approximated by the follow-
ing formula: DG~DS=D, the total flux amount I'y,z, of a
reaction product that enters the processing surface can be
represented by the following formula (3).

Fsip=(Ltls) 2 (1-D)XERX(R6+R )2 3

The results of the shape simulation executed by applying
the flux derived in this way to the Si surface reaction model
of the ion assist as shown in FIG. 6 are shown in FIG. 13.
The upper left part of FIG. 13 shows the simulation results
of the surrounding of the target pattern (pattern being a
simulation target) at the time when the wafer aperture ratio
is 40%, and the lower left part of FIG. 13 shows the
simulation results of the target pattern at the time when the
wafer aperture ratio is 86%. Moreover, the upper right part
of FIG. 13 shows the cross-sectional SEM photograph (left
part) of the target pattern having a solid angle of 0.8 and the
shape simulation results (right part) with comparison to each
other, and the lower right part of FIG. 13 shows the
cross-sectional SEM photograph (left part) of the target
pattern having a solid angle of 1.2 and the shape simulation
results (right part) with comparison to each other.

As shown in FIG. 13, when the wafer aperture ratio R
increases, the amount of reactions products that enter again
also increases. Accordingly, the taper angle of the processing
shape increases and also the process conversion difference
increases. Moreover, the same holds true for the case where
the solid angle increases, and it is confirmed that the shape
of side etching changes to a tapered shape. These reproduce
the features of the actually measured shape and the vari-
ability in the process conversion difference value well.
Therefore, the above-mentioned flux model is reasonable,
and (1-D)*ER*(R ;+R5)€2; can be used as a control index of
the process conversion difference.

On the other hand, as shown in FIG. 14, in relation to the
damage, the Si substrate damage is considered to be formed
by the ion (energy: Ei, flux: I'i) that enters the Si gate
pattern. In this case, the ion loses energy when it passes
through a reaction product deposited on the processing
surface, which has a thickness of d,z,, and the SiO, film
being a base having a thickness of dg;,, and the remaining
energy gives the damage on the Si substrate. The relation-
ship between the damage obtained from the actual measure-
ment (damage depth) and the incident ion energy (e.g.,
Eriguchi et al, Jpn. J. Appl. Phys. 49, 08JC02 (2010)) and the
flux formula derived as described above can be used to
represent the damage (dy) as the following formula (4).

dR(1) oV E=S,(E)[dsip0(D+dsi0a]~0
VB-1x(R+Rs)Q,+0~
VP-Y(I-D)XxERx(R5+Rg)Q; +d

Q)

Here, P, v, and & can be expressed by the following
formulae.

dsipro(D) = Usigr / Pp 5
1 (6)
B=E; _Sn(Ei)(f DR,(n)dt + ds;oz]
0
1 i 1+Ar 7
7= 5 SuEDSsp(1 - D)X f ER(d1 @
2 Pp Ji1
Sn E t1+A7 8
PRI [i®ydt ®
Pp Jo

Here, pp, Sn, DRP, Sg,z., @5, t1, and At represent the
density of the deposited reaction product, the stopping
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power, the deposition rate of the reaction product, the
attachment probability, the surface covering ratio of the
reaction product, the period of time when the ion does not
reach the base Si, and the period of time when the ion
reaches the base Si, respectively.

The results obtained by calculating the control index
((1-D)*ER*(R ;4R )€2;) dependence of the damage (dy)
(top view) and the TEM image of the actual damage (bottom
view) are shown in FIG. 15. The process conditions used for
calculation are the same as those of the actual processing
conditions. The right and left parts of the Si gate have states
where an adjacent pattern is dense (Narrow) and is not dense
(Wide). However, the actual damage thickness and the
calculation results show good consistency.

Therefore, the control index ((1-D)*ER*(R ;+R)€2;) can
be used for also the damage similarly. It should be noted that
as shown in the top view of FIG. 15, the damage (dy)
decreases in the actual pattern range with respect to the
control index ((1-D)*ER*(R;+R)€2;).

The example of the Si gate process by HBr/O, gas has
been described. However, because the formulae (1) to (8) do
not depend on gas or material, the formulae (1) to (8) are not
limited thereto, and the reasonability of the control index is
established with respect to another gas or pattern.

(Control System)

The control system that can be achieved in the present
disclosure can adopt the control method using the control
index, thereby establishing the following two main systems.

One of the two systems is a centralized control system
using cloud computing, and is configured of a cloud simu-
lation system, a group of processing apparatuses, a group of
plasma monitoring apparatuses, a group of networks, and the
like. The control system has features of being capable of
intensively managing high accuracy-simulation that is nec-
essary for calculating the control index collectively by cloud
computing.

The other of the two systems is a distributed control
system using mutual exchanges, and is configured of a
simple prediction system, a group of processing apparatuses,
a group of plasma monitoring apparatuses, a group of
networks, and the like. The control index is derived by the
simple prediction system mounted on each processing appa-
ratus. The simple prediction system calculates each element
value with, for example, monitoring data, a simulation
database, and a convenience function, to derive a control
index. The control system has features of being capable of
establishing a learning system in which the control index is
exchanged between the apparatuses and the optimal pro-
cessing recipe is emulated.

The cloud simulation system and the simple prediction
system can be achieved by the same simulation method as
the simulation method performed by the controller 100. The
detail thereof will be described later.

(Simulation Software)

Next, detail of the simulation method according to this
embodiment will be described.

FIG. 16 is a functional block diagram for explaining the
simulation software (program) to which the simulation
method according to this embodiment is applied;

The simulation software includes a graphical user inter-
face (GUI) 41 for inputting an initial condition, an arithmetic
engine 42, and a GUI 43 for visualizing the simulation
results.

The arithmetic engine 42 includes an input unit 421, a
plasma state arithmetic unit 422, a sheath acceleration
arithmetic unit 423, an aperture ratio arithmetic unit 424, a
shape arithmetic unit 425, a control index arithmetic unit
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426, and an output unit 427. Here, the input unit 221

constitutes the input unit 11 of the controller 100. The

plasma state arithmetic unit 422, the sheath acceleration

arithmetic unit 423, the aperture ratio arithmetic unit 424,

and the shape arithmetic unit 425 constitute the arithmetic

unit 12 of the controller 100, and the control index arith-
metic unit 426 corresponds to the control index arithmetic
unit 13 of the controller 100. The output unit 427 constitutes

the output unit 14 of the controller 100.

The execution platform of the simulation software may be
any one of Windows (registered trademark), Linux (regis-
tered trademark), Unix (registered trademark), and Mac
(registered trademark), for example. Moreover, the GUIs 21
and 23 may use any language such as OpenGL, Motif, and
tcl/tk. The programming language of the arithmetic engine
22 may be any programming language such as C, C**,
Fortran, and JAVA (registered trademark).

From the GUI 41, recipe information, apparatus informa-
tion, parameters for calculation, graphic design system
(GDS) data (mask information), and film thickness infor-
mation are input as the initial condition. The plasma state
arithmetic unit 422 calculates the density and dissociation
fraction (D) of each type of gas (ion and radical) in bulk
plasma are calculated based on the initial condition. The
sheath acceleration arithmetic unit 423 calculates the ion
energy distribution function (IEDF) as the final state of
being accelerated (including collision with radical) in the
sheath of the ion generated in bulk plasma, the ion angular
distribution function (IADF) on a pattern, and the incident
flux of the ion and radical. For the calculation, the database
obtained from the actual measurement or the like may be
used.

The aperture ratio arithmetic unit 424 derives the wafer
aperture ratio (R;) and the semi-local aperture ratio (Ry)
from the GDS data and the film thickness information, and
calculates the influence (having a linear relationship with
each other) on the flux. The incident flux of the ion and
radical is used to calculate the shape development (etching
rate (ER) and solid angle (£2;) in the shape arithmetic unit
425. The shape development model may use any one of a
characteristic curve method, a string method, a shock track-
ing method, a level set method, a ray-tracing model, and a
cell removal method.

The control index arithmetic unit 426 calculates the
control index using the obtained dissociation fraction (D),
etching rate (ER), wafer aperture ratio (R;), semi-local
aperture ratio (Rg), and solid angle (€Q;). After that, the
above-mentioned calculation is repeated with time develop-
ment.

After the calculation, the output unit 427 outputs the
results of the processing time dependence of the control
index to a file. Moreover, the results can be visualized by the
GUI 43. The data output and the visualization may be
performed in real time during calculation.

(Execution Procedure of Simulation Method)

The simulation method according to this embodiment
includes the following calculation process. The calculation
process is stored in the arithmetic unit 12 of the controller
100 as a simulation program.

(al) Processing conditions for performing etching process
using plasma on the surface of a wafer covered by a mask
having a predetermined mask thickness and aperture ratio
are acquired.

(b1) Based on the processing conditions, the flux amount of
a reaction product that enters the surface of the wafer is
calculated.
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(c1) Based on mask information including the mask thick-
ness and aperture ratio and the flux amount, the etching
rate of the wafer is calculated.

(d1) Based on the processing conditions and the etching rate,
the dissociation fraction of the reaction product is calcu-
lated.

(el) Based on the mask information and the etching rate, the
solid angle at a predetermined evaluation point set on the
surface of the wafer corresponding to the view area in
which plasma space can be seen from the evaluation point
is calculated.

(f1) Based on the etching rate, the dissociation fraction, the
solid angle, and the aperture ratio, the control index for
evaluating the shape of the surface of the wafer is calcu-
lated.

The calculation procedure in the simulation method will
be described with reference to FIG. 9.

The simulation method (simulation program) according to
this embodiment includes a step of calculating the flux
amount (I') of a reaction product that enters a pattern (S201),
a step of calculating the etching rate (ER) of the pattern
(S202), a step of calculating the dissociation fraction (D) of
the reaction product (S203), a step of acquiring the mask
aperture ratio (R and Ry) (S204), a step of calculating the
solid angle (€,;) at the evaluation point on the pattern
(S205), and a step of calculating the control index ((1-D)
*ER*(Rs+R)Q,) (S206).

(a) Acquiring Processing Conditions
The processing conditions include mask information

including the thickness and aperture shape of the mask RM,

the thickness of the processed film, the process recipe (type
and flow rate of gas, pressure, bias power, wafer tempera-
ture, etc.), and the like.

When the shape simulation is executed in the arithmetic
unit 12, a recipe condition 31, a mask information 32, and
a film thickness information 33 are acquired via the input
unit 11 (FIG. 1). The recipe condition 31 corresponds to the
processing conditions or etching conditions, and the mask
information 32 includes the thickness, aperture shape, and
size of the mask RM, for example. The film thickness
information 33 includes information on the thickness of a
workpiece (processed film).

The aperture ratio of the mask RM includes the wafer
aperture ratio (R;) and the semi-local aperture ratio (Rg).
The wafer aperture ratio (R;) and the semi-local aperture
ratio (Rg) are calculated based on the mask information 32
by the aperture ratio arithmetic unit 424 (Step S204).

The wafer aperture ratio (Ry) is the ratio of the opening
area of the mask RM to the area (covering area+opening
area) of the mask RM. Specifically, the wafer aperture ratio
(R) is the aperture ratio in the entire wafer W.

The semi-local aperture ratio (Rg) is the ratio of the
opening area of the mask RM in a semi-local area that
includes an evaluation point (local area) and is smaller than
the wafer W to the area of the semi-local area.

In this embodiment, the semi-local aperture ratio (Ry) is
set for each evaluation point. For example, the semi-local
area is set in a circular shape with a plurality of evaluation
points being center. However, the semi-local area may be set
in a polygon such as a rectangle.

The semi-local area is set to be smaller than one device
(chip), for example. The judgment standard of the size may
be a diameter or area. For example, the diameter of the
semi-local area is set to be smaller than the length of a side
of'a device (e.g., 20 to 30 mm). The upper limit of the radius
of the semi-local area is favorably about 5 times larger than
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the average free path of plasma. The average free path is, for
example, 1 to several mm although it varies depending on
the process conditions.

(b) Calculation of Flux Amount

The flux amount (I') of a reaction product that enters an
evaluation point is calculated by the sheath acceleration
arithmetic unit 423. In this embodiment, the flux amount (I')
is calculated by comparing the plasma vapor-phase simula-
tion results in which the gas flux and the light emission
intensity can be calculated based on the recipe condition 31
with the light emission intensity data of OES included in the
monitoring apparatus 108 (Step S201). In this embodiment,
the flux amount of a reaction product SiBr that functions as
an etching protection film is mainly calculated. However, in
addition thereto, the flux amount of the ion or bromine
radical that contributes to etching or another elemental
particle such as oxygen may be calculated.

The flux amount (I') is calculated based on the recipe
condition 31 and the dissociation fraction (D) of a reaction
product calculated in the previous step of calculation time
period, in the second step and the subsequent steps of
calculation time period. Accordingly, because the flux
amount (I') can be calculated taking into account the disso-
ciation fraction (D) that varies depending on the etching rate,
and the accuracy of the calculation is increased.

(c) Calculation of Etching Rate

The etching rate (ER) is calculated by the shape arithme-
tic unit 425. The etching rate (ER) is typically calculated
based on the mask information 32, the film thickness infor-
mation 33, and the flux amount (I') calculated in Step S201
(Step S202).

(d) Calculation of Dissociation Fraction

The dissociation fraction (D) is calculated by the plasma
state arithmetic unit 422. The dissociation fraction (D) is
calculated based on the recipe condition 31 and the etching
rate (ER) calculated in Step S202 (Step S203). In this
embodiment, the dissociation fraction (D) of a reaction
product SiBr that functions as an etching protection film due
to plasma (more specifically, the ratio (1-D) in which SiBr
is not dissociated by plasma) is calculated.

The dissociation fraction (D) is calculated by, for
example, the following formula: D=ni/(ni+ny) (where ni and
n, represent the gas density of the ion and radical in which
a reaction product is involved, respectively). Specifically,
the obtained gas density is used to calculate the light
emission intensity (Ic) by the method described in Japanese
Patent Application Laid-open No. 2011-134927, for
example, and the value calculated based on the formula is
calculated as the dissociation fraction (D) when the differ-
ence between the light emission intensity (Ic) and the
measurement value of OES (lo) is not more than 10%.

In this embodiment, taking into account that the genera-
tion amount of a reaction product varies due to the variabil-
ity in the etching rate (ER), the dissociation fraction (D) is
updated for each time step and the flux amount (I') and the
etching rate (ER) are calculated based on the results.
Accordingly, as compared with the case where the measure-
ment value obtained from the monitoring apparatus (OES) is
emphasized to calculate the flux amount and the etching rate,
it is possible to improve the simulation accuracy.

(e) Calculation of Solid Angle

The soli angle (€2;) is calculated by the shape arithmetic
unit 425. The soli angle (€2;) is calculated based on the mask
information 32 and the calculated etching rate (ER) (Step
S205).

The soli angle (€2;) is a three-dimensional viewing angle
obtained by viewing a pattern opening from the processing
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surface. In other words, the solid angle (€2;) is a solid angle
at an evaluation point in which the upper side (plasma space)
can be seen from the evaluation point without interruption
by the mask RM or the pattern of the wafer W. Alternatively,
the solid angle (£2;) is a three-dimensional angle viewed
from the evaluation point in which particles from plasma
space can directly enter the evaluation point. The solid angle
(Q;) is calculated based on the coordinate of the evaluation
point using an appropriate algorithm.

(f) Calculation of Control Index

The control index is calculated in the control index
arithmetic unit 426. Specifically, the control index arithmetic
unit 426 calculates the control index ((1-D)*ER*(Rs+Ry)
€2;) based on components of the dissociation fraction (D)
quantitatively calculated in each step, the etching rate (ER),
the solid angle MO, and the aperture ratio (R; and R;) (Step
S206). As shown in FIG. 10, the controller 100 corrects the
recipe conditions in which a desired process conversion
difference (ACD) can be obtained based on the calculated
control index. It should be noted that the recipe condition 31
may be updated to the corrected recipe conditions.

(g) Damage Evaluation

The simulation method or simulation program further
includes a process (or step) of evaluating the damage on the
wafer W due to the incident ion. As shown in FIG. 10, the
controller 100 corrects the recipe conditions based on the
calculated control index taking into account the damage (dy)
caused during processing of the wafer W.

As described above, according to this embodiment,
because each component of the control index (the dissocia-
tion fraction (D), the etching rate (ER), the solid angle (€2;),
and the aperture ratio (R and Ry)) is quantitatively calcu-
lated one by one unlike the reference technique where only
the flux amount is used as an index of the process conversion
difference, it is possible to perform universal etching control
that does not depend on the processing apparatus. Accord-
ingly, it is possible to make the varieties in properties
between apparatuses negligible, and therefore, a semicon-
ductor apparatus in which a plurality of processing appara-
tuses have the similar spec can be produced reliably.

In addition, because the process conversion difference
(ACD) and the damage (dR), which affect the properties, can
be predicted and controlled and the variability in these
apparatuses can be reduced, the device properties are
expected to be improved. Moreover, because the frequency
of maintenance of the apparatus decreases, the productivity
is expected to be improved and the cost is expected to be
reduced.

Furthermore, because flexible control that matches the
demand of the device properties can be performed, it is
possible to improve the degree of freedom of process/optical
proximity correction (OPC)/layout designing. Moreover, it
is possible to control the optimal conditions that satisty the
condition that prioritizes the process conversion difference,
the condition that prioritizes the low damage, or both of the
conditions in real time during processing.

(Second Embodiment)

Next, the second embodiment of the present disclosure
will be described. It should be noted that the same compo-
nents as those according to the first embodiment will be
omitted appropriately.

(Centralized Process Control System)

FIG. 17 is a block diagram showing a centralized process
control system using cloud computing.

A process control system 500 according to this embodi-
ment includes a plurality of etching apparatuses 51 to 56,
and controllers 512 provided for the plurality of etching
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apparatuses 51 to 56 (only the controller provided for the

processing apparatus 51 is shown in FIG. 17).

The etching apparatuses 51 to 56 are each configured of,
but not limited to, a CCP etching apparatus, but may be
configured of an ICP etching apparatus, an ECR etching
apparatus, or the like. The etching apparatuses 51 to 56 are
each connected to a server 50 through a wired or wireless
network.

Each controller 512 includes a control unit 515 and a
communication unit 514 that can communicate with the
server 50.

The control unit 515 is configured to be capable of
executing the following process.

(a2) The processing conditions for performing a predeter-
mined processing process using plasma on the surface of
a wafer covered by a mask having a predetermined mask
thickness and aperture ratio and mask information includ-
ing the mask thickness and the aperture ratio (R; and Ry)
are transmitted.

(b2) The communication unit 514 is controlled to receive,
form the server 50, the control index ((1-D)*ER*(R s+
R)Q;) for evaluating the shape of the surface of the
wafer generated using the flux amount (I') of a reaction
product that enters the surface of the wafer calculated
based on the processing conditions, the etching rate (ER)
of the wafer calculated based on the mask information and
the flux amount, the dissociation fraction (D) of the
reaction product calculated based on the processing con-
ditions and the etching rate, the solid angle (©2;) at a
predetermined evaluation point set on the surface of the
wafer corresponding to the view area in which the plasma
space can be seen from the evaluation point, which is
calculated based on the mask information and the etching
rate, and the aperture ratio.

The etching apparatus 51 includes a processing chamber
511 and a monitoring apparatus 513 that measures the
plasma state of the processing chamber 511 in addition to the
controller 512. The monitoring apparatus 513 is configured
of at least one of OES, EES, QMS, IRLAS, an ion spectrum
analyzer, and the like.

The controller 512 is configured to be capable of trans-
mitting, to the server 50 via the communication unit 514, the
processing conditions in the processing chamber 511 (e.g.,
GDS data, film thickness data, process recipe, reference
index (desired spec of process conversion difference, dam-
age, or the like)), the measurement value obtained from the
monitoring apparatus 513, and the like.

The server 50 includes a simulator (cloud simulation
system) 501 and a correction system 502.

The simulator 501 executes the simulation method
described in the first embodiment. The simulator 501 is
configured to be capable of calculating the control index
((1-D)*ER*(Rs+R)Q;) for each etching apparatus using
various parameters transmitted from the etching apparatuses
51 to 56 and transmitting the calculated control index to the
etching apparatuses 51 to 56. The control index may be
transmitted to the etching apparatuses 51 to 56 via the
correction system 502.

The correction system 502 evaluates the variability in the
control index calculated in the simulator 501 for each of the
etching apparatuses 51 to 56. For example, in the case where
the difference between the calculated control index and the
reference index is not less than a predetermined value (e.g.,
10% of the reference index), the correction system 502 is
configured to transmit, to the corresponding etching appa-
ratus, process correction information such that the control
index is not more than the predetermined value.
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The controller 512 corrects the process recipe based on
the control index and the process correction information
received from the server 50 via the communication unit 514,
thereby maintaining the process conversion difference or
damage of the wafer to be processed in the processing
chamber 511 in a desired spec.

(Control Example)

An example of processing control of the Si gate using the
following process conditions will be described. The control
procedure is shown in FIG. 18.

The initial film thickness of the Si gate includes 300 nm
of a resist mask, 150 nm of a polysilicon film, and 2 nm of
a silicon oxidized film (Si0,), from the upper layer side.
(Process Conditions)

Bias frequency: upper electrode/lower electrode=60/13.56

MHz
Type and flow rate of gas: HBr/O,=300/5 sccm
Pressure: 30 mTorr (3.99 Pa)

Wafer temperature: 60° C.
Vpp: 330V
Processing time period: 120 seconds

Monitoring data of OES and EES of the etching appara-
tuses 51 to 56 is transmitted to the server 50 at the interval
of 0.5 second during processing, and the control index
((1-D)*ER*(R4+R)€2;) corresponding to each etching
apparatus in the simulator 501 is calculated.

At this time, by decreasing the attachment probability to
the chamber wall from 1 so that the difference between OES
light emission data of SiBr (wavelength of 290 nm) and the
prediction light emission value of plasma vapor-phase simu-
lation is not more than 10%, for example, the equilibrium
state is obtained. Accordingly, the dissociation fraction (D)
is obtained. Moreover, the flux (I') of the ion and radical that
enter the pattern is obtained from the sheath simulation. On
the other hand, the wafer aperture ratio (R;=0.7) and the
semi-local aperture ratio (R¢=0.6) of the mask are obtained
from the GDS data. Then, the etching rate (ER) and the solid
angle (Q,) are obtained by the shape simulation in which the
information, the process recipe, and the film thickness
information are used as input values.

The simulator 501 determines the variability in the
obtained control index, and gives process conditions (bias,
gas flow rate, gas pressure, and wafer temperature) in the
range of 50% in the case where the variation is, for example,
not less than 10% of the reference index to correct it in
margins of error of the reference index. The process correc-
tion information is transmitted from the correction system
502 to the etching apparatuses 51 to 56, and the process
recipe is corrected by the controller 512 for each etching
apparatus.

The above mentioned cycle is performed at the interval of
2 seconds during processing, and the process conversion
difference and damage are suppressed in a spec. The control
may be performed in the plane of the wafer, or any part of
the wafer (e.g., central part (Center) and the peripheral
portion (Edge)).

It should be noted that in the case where the correction
area of process is out of the apparatus properties, e.g., the
gas flow rate is larger than the upper limit of mass flow, an
abnormal flag is placed by the fault detection and classifi-
cation/equipment engineering system (FDC/EES) to stop the
apparatus. In this case, the maintenance is manually per-
formed in the chamber. Moreover, the simulation may be
partially executed using a database or a function.
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(Third Embodiment)

Next, a third embodiment of the present disclosure will be
described. It should be noted that the same components as
those according to the first embodiment will be omitted
appropriately.

(Distributed Process Control System)

FIG. 19 is a block diagram showing a distributed process
control system using mutual exchanges.

A process control system 600 according to this embodi-
ment includes a first etching apparatus (processing appara-
tus) 61 that performs etching process using plasma on the
surface of a wafer and an information processing apparatus
60 that predicts the shape development of the wafer due to
the etching process.

The first etching apparatus 61 includes a processing
chamber 611, a controller 612 that controls the processing
chamber 611, and a monitoring apparatus 613 that measures
the plasma state of the processing chamber 611. The first
etching apparatus 61 is configured of, but not limited to, a
first CCP etching apparatus, and may be configured of an
ICP etching apparatus, an ECR etching apparatus, or the
like.

The monitoring apparatus 613 is configured of any one of
OES, EES, QMS, IRLAS, and an ion spectrum analyzer. The
first etching apparatus 61 is configured to be capable of
transmitting, to the information processing apparatus 60, the
processing conditions (e.g., GDS data, film thickness data,
process recipe, reference index (desired spec of process
conversion difference, damage, or the like)) in the process-
ing chamber 511, the measurement value obtained from the
monitoring apparatus 513, and the like.

The information processing apparatus 60 includes an
arithmetic unit (simple prediction system) 601 and a cor-
rection system 602, and an input unit 603.

The input unit 603 is configured to acquire, from the first
etching apparatus 61, the processing conditions for perform-
ing the etching process on the surface of the wafer covered
by the mask having a predetermined mask thickness and
aperture ratio.

The arithmetic unit 601 is configured of a simulator that
executes the simulation method described in the first
embodiment.

The arithmetic unit 601 performs the following calcula-
tion process.

(a3) Based on the processing conditions, the flux amount (I')
of the reaction product that enters the surface of the wafer
is calculated.

(b3) Based on the mask information the mask thickness and
aperture ratio (R; and R) and the flux amount, the
etching rate (ER) of the wafer is calculated.

(c3) Based on the processing conditions and the etching rate,
the dissociation fraction (D) of the reaction product is
calculated.

(d3) Based on the mask information and the etching rate, the
solid angle (€;) at a predetermined evaluation point set
on the surface of the wafer corresponding to the view area
in which plasma space can be seen from the evaluation
point is calculated.

(e3) Based on the etching rate, the dissociation fraction, the
solid angle, and the aperture ratio, the control index
((1-D)*ER*(Rs+R5)Q2;) for evaluating the shape of the
surface of the wafer is calculated.

The calculated control index is output to the first etching
apparatus 61.

The arithmetic unit 601 is configured to calculate each
element value by monitoring data of the first etching appa-
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ratus 61 acquired via the input unit 603, a simulation
database, a convenience function, and the like, to derive the
control index.

The correction system 602 evaluates the variability in the
control index in the first etching apparatus 61, which is
calculated in the arithmetic unit 601. For example, in the
case where the difference between the calculated control
index and the reference index is not less than a predeter-
mined value (e.g., 10% of the reference index), the correc-
tion system 602 is configured to transmit, to the first etching
apparatus 61, process correction information such that the
control index is not more than the predetermined value.

The controller 612 corrects the process recipe based on
the control index output from the information processing
apparatus 60 and the process correction information, thereby
maintaining the process conversion difference or damage of
the wafer processed in the processing chamber 611 in a
desired spec.

The process control system 600 further includes second to
sixth etching apparatuses (processing apparatuses) 62 to 66.
The etching apparatuses 62 to 66 each have the same
configuration as the first etching apparatus 61. The etching
apparatus 61 to 66 are configured to be communicably
connected to the information processing apparatus 60 and
another etching apparatus through a network (wired or
wireless) 67, and to be capable of receiving the calculation
results (control index) by the information processing appa-
ratus 60 between the etching apparatuses 61 to 66.

In this embodiment, the second to sixth etching appara-
tuses 62 to 66 mutually exchange the control index of each
etching apparatus calculated in the information processing
apparatus 60 to correct it to the optimal recipe with low
variability from the reference index. Because the component
of'the control index is a universal index that does not depend
on apparatus, it can be mutually referred between the
plurality of apparatuses.

(Control Example)

An example of process control of an SiO, film using the
following process conditions will be described. The control
procedure is described in FIG. 20.

(Process Conditions)
Bias frequency: upper electrode/lower electrode=60/13.56

MHz
Type and flow rate of gas: C,Fg/Ar/O,=11/400/8 sccm
Pressure: 30 mTorr (3.99 Pa)

Wafer temperature: 60° C.
Vpp: 1400 V
Processing time period: 200 seconds

Monitoring data of OES and EES of the etching appara-
tuses 61 to 66 is transmitted to the information processing
apparatus 60 at the interval of 0.5 second during processing,
and the control index ((1-D)*ER*(R5+R)Q2;) correspond-
ing to each etching apparatus is calculated in the arithmetic
unit 601.

At this time, as the OES limit emission data (wavelength
of 250 nm) of CF,, the plasma state, and the function of
EES, the dissociation fraction (D) and the flux amount (I')
are obtained from a database (or function). Moreover, the
wafer aperture ratio (R;=0.2) and the semi-local aperture
ratio (R¢=0.2) of the mask are obtained from the GDS data.
Then, the etching rate (ER) and the solid angle (R2;) are
obtained using the information, the process recipe, and the
film thickness information as input values.

The arithmetic unit 601 determines the variability in the
obtained control index, and gives process conditions (bias,
gas flow rate, gas pressure, and wafer temperature) in the
range of 50% in the case where the variation is, for example,
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not less than 10% of the reference index to correct it in

margins of error of the reference index. The process correc-

tion information is transmitted from the correction system

602 to the etching apparatuses 61 to 66, and the controller

612 corrects the process recipe for each apparatus.

The above mentioned cycle is performed at the interval of
2 seconds during processing, and the process conversion
difference and damage are suppressed in a spec. The control
may be performed in the plane of the wafer, or any part of
the wafer (e.g., central part (Center) and the peripheral
portion (Edge)).

The control index data is successively recorded for each
of the etching apparatuses 61 to 66. The control index data
is exchanged between the etching apparatuses 61 to 66
through the network 67 after (or before) the etching to
correct it to the optimal recipe with low variability from the
reference index.

It should be noted that in the case where the correction
area of process is out of the apparatus properties, e.g., the
gas flow rate is larger than the upper limit of mass flow, an
abnormal flag is placed by the fault detection and classifi-
cation/equipment engineering system (FDC/EES) to stop the
apparatus. In this case, the maintenance is manually per-
formed in the chamber.

(Fourth Embodiment)

Next, a fourth embodiment of the present disclosure will
be described. It should be noted that the same components
as those according to the first embodiment will be omitted
appropriately.

(Process Design Method)

In this embodiment, a process design method using the
simulation method described in the first embodiment will be
described.

The process design method according to this embodiment
is executed in the following procedure. It should be noted
that the calculation process is executed by an information
processing apparatus (computer) or a cloud server.

(a4) Processing conditions for performing etching process
using plasma on the surface of a wafer covered by a mask
having a predetermined mask thickness and aperture ratio
are acquired.

(b4) Based on the processing conditions, the flux amount of
the reaction product that enters the surface of the wafer is
calculated.

(c4) Based on the mask information including the mask
thickness and aperture ratio and the flux amount, the
etching rate of the wafer is calculated.

(d4) Based on the processing conditions and the etching rate,
the dissociation fraction of the reaction product is calcu-
lated.

(e4) Based on the mask information and the etching rate, the
solid angle at a predetermined evaluation point set on the
surface of the wafer corresponding to the view area in
which plasma space can be seen from the evaluation point
is calculated.

(14) Based on the etching rate, the dissociation fraction, the
solid angle, and the aperture ratio, the control index for
evaluating the shape of the surface of the wafer is calcu-
lated.

(h) The processing conditions are changed so that the control
index is within a predetermined range.

Because the processes (a4) to (f4) are the same as the
processes (al) to (f1) described in the first embodiment,
description thereof is omitted here.

As described above, the process conversion difference
(ACD) and the damage (dy) depend on the control index
((1-D)*ER*(Rs+R)€2;), and the process conversion dif-
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ference and the damage change as the control index changes.
Therefore, if the variability in the control index is within a
spec, it is possible to reliably produce a semiconductor
device with low variability in the process conversion dif-
ference or damage.

In view of the above, in this embodiment, the processing
conditions (process recipe and etching conditions) are
changed so that the calculated control index ((1-D)*ER*
(Rs+R5)Q;) is within a predetermined range (process (h)).
With reference to FIG. 21, an example of the process design
method will be described.

In this example, the design method that divides the
process recipe into a plurality of steps so that the variability
in the control index is within a spec in the Si gate processing
whose fundamental conditions are the following process
conditions is described. The initial film thickness of the Si
gate includes 300 nm of a resist mask, 150 nm of a
polysilicon film, and 2 nm of an SiO, film, from the upper
layer side. The design flow is shown in FIG. 21.

(Process Conditions)
Bias frequency: upper electrode/lower electrode=60/13.56

MHz
Type and flow rate of gas: HBr/O2=450/1 sccm
Pressure: 30 mTorr (3.99 Pa)

Wafer temperature: 60° C.
Vpp: 330V

In this example, as the simplest example, a 2-step method
is described. First, the time allocation is set for each step
(Step S301). In this example, 80 seconds is set for the step
1 and 40 seconds is set for the step 2. Then, the etching
process in the step 1 and the step 2 that use the above-
mentioned fundamental conditions as process conditions are
sequentially executed (Step S302 and S303).

If the processing in the step 2 is continued, the depth of
a pattern increases. If the solid angle gradually decreases,
the amount of the reaction product (SiBr) that enters the side
wall of the pattern decreases. As a result, the side etching of
the pattern increases. Therefore, the process conversion
difference gradually increases with time.

In view of the above, the simulation method described in
the first embodiment is executed by the arithmetic engine 42
(FIG. 16), and the gas flow rate conditions in which the
control index is within a predetermined range are calculated
(Step S304 and S305). The predetermined range is, for
example, that the difference from the reference index is less
than 10% of the reference index. As a result, the gas flow rate
of HBr/O, of 150/3 sccm is obtained. In the gas flow rate in
the step 2, HBr decreases and O, increases as compared with
the step 1 (Step S306). As described above, the generation
of a protection film (SiBrxOy film) that is deposited on the
processing surface of a pattern is facilitated, and the effect of
the solid angle (Q2;) that decreases as the processing pro-
ceeds is made effectively uniform.

Then, by repeatedly performing the Steps S303 to S306
until the control index is within a predetermined range, the
optimal gas flow rate conditions in which the side etching
shape of the gate decreases, the process conversion differ-
ence is maintained, and the damage can be maintained to be
uniform are determined.

The process conditions may be set for more steps (time
period) depending on the control index spec. In addition, the
process conditions to be changed are not limited to the gas
flow rate, and may be bias voltage (Vpp), for example. In
this case, although the solid angle decreases, it is possible to
establish process design such that the damage is uniform. As
an example of controlling the bias voltage, it decreases from
330 V being fundamental conditions 10 by 10 V. Because Ei
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corresponds to Vpp in the formula (4), it is possible to make

process design taking into account the damage value.

(Fifth Embodiment)

Next, a fitth embodiment of the present disclosure will be
described. It should be noted that the same components as
those according to the first embodiment will be omitted
appropriately.

(Mask Design Method)

In this embodiment, a mask design method using the
simulation method described in the first embodiment is
described.

The mask design method according to this embodiment is
executed in the following procedure. It should be noted that
the calculation process is executed by an information pro-
cessing apparatus (computer) or a cloud server.

(a5) Processing conditions for performing etching process
using plasma on the surface of a wafer covered by a mask
having a predetermined mask thickness and aperture ratio
are acquired.

(b5) Based on the processing conditions, the amount of the
reaction product that enters the surface of the wafer is
calculated.

(c5) Based on the mask information including the mask
thickness and aperture ratio and the flux amount, the
etching rate of the wafer is calculated.

(d5) Based on the processing conditions and the etching rate,
the dissociation fraction of the reaction product is calcu-
lated.

(e5) Based on the mask information and the etching rate, the
solid angle at a predetermined evaluation point set on the
surface of the wafer corresponding to the view area in
which plasma space can be seen from the evaluation point
is calculated.

(15) Based on the etching rate, the dissociation fraction, the
solid angle, and the aperture ratio, the control index for
evaluating the shape of the surface of the wafer is calcu-
lated.

(1) The design of the mask is changed so that the control
index is within a predetermined range.

Because the processes (a5) to (f5) are the same as the
steps (al) to (f1) described in the first embodiment, descrip-
tion thereof is omitted here.

(Design Example 1)

For example, in the case where a normal resist mask
having a taper angle of 90° is used to perform etching, the
control index ((1-D)*ER*(Rs+R)Q2; ) is varied because the
solid angle (€2;) decreases as the etching proceeds.

In view of the above, in this embodiment, by changing the
design of the mask being initial conditions (process (i)), the
simulation shown by the steps (a5) to (f5) is performed so
that the deviation of the control index from the reference
value (reference index) is within a spec (e.g., 10%). The
design example is shown in FIG. 22. In this example, the
taper angle of the mask opening is changed. As a design
example, the taper angle of the mask opening being initial
conditions is gradually decreased from 90° 0.2 by 0.2°, for
example. At the same time, the mask thickness may be
changed. For example, the mask thickness is decreased from
the initial conditions 20 by 20 nm.

(Design Example 2)

On the other hand, in the case where the verticalization of
the shape (process conversion difference) is prioritized more
than the reduction of the damage, the aperture ratio of the
mask may be changed as a modified example of mask
design. Also in this case, the simulation is executed so that
the variability in the control index is within a spec (e.g.,
10%). The design example is shown in FIG. 23. In this
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example, a dummy pattern (typically, resist pattern) is
arranged in the vicinity of the target pattern, and the semi-
local aperture ratio (Rg) is changed. Specifically, the dummy
pattern is arranged so that the semi-local aperture ratio is 5%
smaller than the initial conditions.

FIG. 24 is a schematic diagram showing an example of
arranging the dummy pattern. The case where the shape
development is predicted at the time when a pattern P2 out
of a plurality of patterns P1 to P3 provided in an arbitrary
chip Wc on the wafer W is used as a target, for example, is
assumed. The shape, size, arrangement, and the like of the
dummy pattern are changed so that the incident radical
amount to the pattern P2 is optimal in the designing process.

By arranging a dummy pattern DP to reduce the semi-
local aperture ratio, the amount of the reaction product that
enters the pattern P2 from the resist mask increases. Accord-
ingly, it is possible to reduce the process conversion differ-
ence. The dummy pattern is arranged so that the chip level
aperture ratio is reduced by 5%, for example. The distance
between the target pattern and the dummy pattern is not
particularly limited, and is favorably set to be in several
times more than the average free path of the reaction product
although it varies depending on the pressure conditions of
the process, or the like.

The design method according to this embodiment is not
limited to the above-mentioned examples, and can be
applied to the determination of the layout or shape of the
target pattern or the layout of another pattern that is formed
in the vicinity of the target pattern, for example.

Although embodiments of the present disclosure have
been described, the present disclosure is not limited to the
above-mentioned embodiments and various modifications
can be made without departing from the gist of the present
disclosure.

For example, in the above-mentioned embodiments, a
silicon substrate has been described as a workpiece. How-
ever, the workpiece is not limited thereto, and may be
another semiconductor substrate such as Ga—As. The pres-
ent disclosure can be applied also to the workpiece including
another material such as metal and plastic. Additionally, the
processed film may be an insulating film other than the SiO,
film, a conductive film, and another function film.

Moreover, although, in the second and third embodi-
ments, a process control system including a plurality of
etching apparatuses has been described, it goes without
saying that a single etching apparatus can be used to achieve
the same process control system.

Furthermore, in the second and third embodiments, the
control method of the control index may be adjusted depend-
ing on the priority of the process conversion difference and
damage. For example, in the case of the process conditions
of the Si gate processing in the second embodiment, the
process conditions are corrected with the shape priority until
the remaining film of the polysilicon film is 10 nm, which is
predicted by the shape simulation, and after that, the process
conditions are corrected with the control index of the
damage priority to reduce the damage of the Si substrate
being a base. Accordingly, it is possible to improve the
processing accuracy and to reduce the damage.

It should be noted that the present disclosure may also
take the following configurations.

(1) A simulation method including:
acquiring processing conditions for performing an etching
process using plasma on a surface of a wafer covered
by a mask having a predetermined mask thickness and
aperture ratio;
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calculating, based on the processing conditions, a flux
amount of a reaction product that enters the surface of
the wafer;

calculating, based on mask information including the

mask thickness and the aperture ratio and the flux
amount, an etching rate of the wafer;

calculating, based on the processing conditions and the

etching rate, a dissociation fraction of the reaction
product;

calculating, based on the mask information and the etch-

ing rate, a solid angle at a predetermined evaluation
point set on the surface of the wafer, the solid angle
corresponding to a view area in which plasma space
can be seen from the evaluation point; and
calculating, based on the etching rate, the dissociation
fraction, the solid angle, and the aperture ratio, a
control index for evaluating a shape of the surface of
the wafer.
(2) The simulation method according to (1) above, in which
the calculating the flux amount of the reaction product
includes calculating the flux amount of the reaction
product based on the processing conditions and the
calculated dissociation fraction of the reaction product.
(3) The simulation method according to (1) or (2) above, in
which
the calculating the flux amount of the reaction product
includes calculating the flux amount of the reaction
product that functions as an etching protection film.
(4) The simulation method according to (3) above, further
including
evaluating, based on the control index, damage on the
wafer, which is caused due to an incident ion.
(5) The simulation method according to any one of (1) to (4),
in which
as the aperture ratio, a wafer aperture ratio and a semi-
local aperture ratio are used, the wafer aperture ratio
being a ratio of the opening area of the mask to the area
of the mask, the semi-local aperture ratio being a ratio
of'the opening area of the mask in a semi-local area that
includes the evaluation point and is smaller than the
wafer to the area of the semi-local area.
(6) The simulation method according to (5), in which

the control index is represented by the following formula:
(1-D)*ER*(R5+R)€2; (where ER represents the etch-
ing rate, D represents the dissociation fraction, ©,
represents the solid angle, R, represents the wafer
aperture ratio, and R s represents the semi-local aperture
ratio).

It should be understood by those skilled in the art that
various modifications, combinations, sub-combinations and
alterations may occur depending on design requirements and
other factors insofar as they are within the scope of the
appended claims or the equivalents thereof.

What is claimed is:

1. A simulation method comprising:

acquiring processing conditions for performing an etching
process using plasma on a surface of a wafer covered
by a mask having a predetermined mask thickness and
aperture ratio;

calculating, based on the processing conditions, a flux
amount of a reaction product that enters the surface of
the wafer;

calculating, based on mask information including the
mask thickness and the aperture ratio and the flux
amount, an etching rate of the wafer;
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calculating, based on the processing conditions and the
etching rate, a dissociation fraction of the reaction
product;

calculating, based on the mask information and the etch-

ing rate, a solid angle at a predetermined evaluation
point set on the surface of the wafer, the solid angle
corresponding to a view area in which plasma space
can be seen from the evaluation point;

calculating, based on the etching rate, the dissociation

fraction, the solid angle, and the aperture ratio, a
control index for evaluating a shape of the surface of
the wafer, and

modifying the etching process based on the calculations.

2. The simulation method according to claim 1, wherein

the calculating the flux amount of the reaction product

includes calculating the flux amount of the reaction
product based on the processing conditions and the
calculated dissociation fraction of the reaction product.

3. The simulation method according to claim 1, wherein

the calculating the flux amount of the reaction product

includes calculating the flux amount of the reaction
product that functions as an etching protection film.

4. The simulation method according to claim 3, further
comprising

evaluating, based on the control index, damage on the

wafer, which is caused due to an incident ion.

5. The simulation method according to claim 1, wherein

as the aperture ratio, a wafer aperture ratio and a semi-

local aperture ratio are used, the wafer aperture ratio
being a ratio of the opening area of the mask to the area
of the mask, the semi-local aperture ratio being a ratio
of the opening area of the mask in a semi-local area that
includes the evaluation point and is smaller than the
wafer to the area of the semi-local area.

6. The simulation method according to claim 5, wherein

the control index is represented by the following formula:

(1-D)*ER*(R5+R)€2; (where ER represents the etch-
ing rate, D represents the dissociation fraction, €
represents the solid angle, R, represents the wafer
aperture ratio, and R s represents the semi-local aperture
ratio).

7. The simulation method according to claim 1, wherein

the modifying the etching process includes modifying a

gas pressure, a gas flow rate, a bias, a wafer tempera-
ture, or combinations thereof.

8. The simulation method according to claim 1, wherein

the calculating the dissociation fraction is based on a gas

density of an ion and a gas density of a radical involved
in the reaction product.
9. A non-transitory computer-readable medium storing
thereon a simulation program that, when executed by a
processor of an information processing apparatus, causes the
information processing apparatus to perform operations
comprising:
calculating, based on processing conditions for perform-
ing an etching process using plasma on a surface of a
wafer covered by a mask having a predetermined mask
thickness and aperture ratio, a flux amount of a reaction
product that enters the surface of the wafer;

calculating, based on mask information including the
mask thickness and the aperture ratio and the flux
amount, an etching rate of the wafer;

calculating, based on the processing conditions and the

etching rate, a dissociation fraction of the reaction
product;

calculating, based on the mask information and the etch-

ing rate, a solid angle at a predetermined evaluation
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point set on the surface of the wafer, the solid angle
corresponding to a view area in which plasma space
can be seen from the evaluation point;
calculating, based on the etching rate, the dissociation
fraction, the solid angle, and the aperture ratio, a
control index for evaluating a shape of the surface of
the wafer; and
modifying the etching process based on the calculations.
10. A process control system, comprising:
a plurality of etching apparatuses; and
controllers provided to the plurality of etching appara-
tuses, each of the plurality of controllers including a
communication unit and a controller, the communica-
tion unit configured to communicate with a server, the
controller configured to
transmit processing conditions for performing an etch-
ing process using plasma on a surface of a wafer
covered by a mask having a predetermined mask
thickness and aperture ratio and mask information
including the mask thickness and the aperture ratio,

control the communication unit to receive, from the
server, a control index for evaluating a shape of the
surface of the wafer, the control index generated
using a flux amount of a reaction product that enters
the surface of the wafer, which is calculated based on
the processing conditions, an etching rate of the
wafer, which is calculated based on the mask infor-
mation and the flux amount, a dissociation fraction
of the reaction product, which is calculated based on
the processing conditions and the etching rate, a
solid angle at a predetermined evaluation point set on
the surface of the wafer, the solid angle correspond-
ing to a view area in which plasma space can be seen
from the evaluation point, the solid angle being
calculated based on the mask information and the
etching rate, and the aperture ratio, and

control the plurality of etching apparatuses to modify
the etching process based on the calculations.
11. A process control system, comprising:
a first processing apparatus configured to perform an
etching process using plasma on a surface of a wafer;
and
an information processing apparatus configured to predict
shape development of the wafer, which is caused due to
the etching process, the information processing appa-
ratus including
an input unit configured to acquire processing conditions
for performing the etching process using plasma on a
surface of a wafer covered by a mask having a prede-
termined mask thickness and aperture ratio, and
an arithmetic unit configured
to calculate, based on the processing conditions, a flux
amount of a reaction product that enters the surface
of the wafer,

to calculate, based on mask information including the
mask thickness and the aperture ratio and the flux
amount, an etching rate of the wafer,

to calculate, based on the processing conditions and the
etching rate, a dissociation fraction of the reaction
product,

to calculate, based on the mask information and the
etching rate, a solid angle at a predetermined evalu-
ation point set on the surface of the wafer, the solid
angle corresponding to a view area in which plasma
space can be seen from the evaluation point,

5

15

20

25

30

35

40

45

50

55

60

65

28

to calculate, based on the etching rate, the dissociation
fraction, the solid angle, and the aperture ratio, a
control index for evaluating a shape of the surface of

the wafer, and
to modify the etching process based on the calculations.
12. The process control system according to claim 11,

further comprising

a second processing apparatus that is configured to mutu-
ally communicate with the first processing apparatus
and to receive arithmetic results obtained from the
information processing apparatus.
13. A simulator comprising:
an input unit configured to acquire processing conditions
for performing an etching process using plasma on a
surface of a wafer covered by a mask having a prede-
termined mask thickness and aperture ratio, and
an arithmetic unit configured
to calculate, based on the processing conditions, a flux
amount of a reaction product that enters the surface
of the wafer,

to calculate, based on mask information including the
mask thickness and the aperture ratio and the flux
amount, an etching rate of the wafer,

to calculate, based on the processing conditions and the
etching rate, a dissociation fraction of the reaction
product,

to calculate, based on the mask information and the
etching rate, a solid angle at a predetermined evalu-
ation point set on the surface of the wafer, the solid
angle corresponding to a view area in which plasma
space can be seen from the evaluation point,

to calculate, based on the etching rate, the dissociation
fraction, the solid angle, and the aperture ratio, a
control index for evaluating a shape of the surface of
the wafer, and

to modify the etching process based on the calculations.

14. A process design method, comprising:

acquiring processing conditions for performing an etching
process using plasma on a surface of a wafer covered
by a mask having a predetermined mask thickness and
aperture ratio;

calculating, based on the processing conditions, a flux
amount of a reaction product that enters the surface of
the wafer;

calculating, based on mask information including the
mask thickness and the aperture ratio and the flux
amount, an etching rate of the wafer;

calculating, based on the processing conditions and the
etching rate, a dissociation fraction of the reaction
product;

calculating, based on the mask information and the etch-
ing rate, a solid angle a predetermined evaluation point
set on the surface of the wafer, the solid angle corre-
sponding to a view area in which plasma space can be
seen from the evaluation point;

calculating, based on the etching rate, the dissociation
fraction, the solid angle, and the aperture ratio, a
control index for evaluating a shape of the surface of
the wafer; and

changing the processing conditions so that the control
index is within a predetermined range based on the
calculations, thereby modifying the etching process.

15. A mask design method, comprising:

acquiring processing conditions for performing an etching
process using plasma on a surface of a wafer covered
by a mask having a predetermined mask thickness and
aperture ratio;
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calculating, based on the processing conditions, a flux
amount of a reaction product that enters the surface of
the wafer;

calculating, based on mask information including the
mask thickness and the aperture ratio and the flux 5
amount, an etching rate of the wafer;

calculating, based on the processing conditions and the
etching rate, a dissociation fraction of the reaction
product;

calculating, based on the mask information and the etch- 10
ing rate, a solid angle at a predetermined evaluation
point set on the surface of the wafer, the solid angle
corresponding to a view area in which plasma space
can be seen from the evaluation point;

calculating, based on the etching rate, the dissociation 15
fraction, the solid angle, and the aperture ratio, a
control index for evaluating a shape of the surface of
the wafer; and

changing design of the mask so that the control index is
within a predetermined range, based on the calcula- 20
tions.

16. The mask design method according to claim 15,

wherein

the changing the design of the mask includes changing a
taper angle of a mask opening. 25

17. The mask design method according to claim 15,

wherein

the changing the design of the mask includes changing the

aperture ratio.
30



